Abstract. In Romania, European beech (Fagus sylvatica L.) is the most important broadleaved tree species. The goal of the present study was to determine the genetic diversity and differentiation in and between natural beech populations from the Romanian Carpathians and the transmission of the genetic diversity to the next generation. The populations analyzed were registered as seed stands. Genetic analysis was based on ten nuclear microsatellites. The highest amount of genetic variation was within populations, whereas genetic differentiation between populations was low. In the adult populations the mean number of alleles per locus varied from 8.0 to 10.9, the effective number from 8.3 to 9.6. Heterozygosity ranged from 0.637 to 0.750 with the mean of 0.681(±0.018). The overall genetic differentiation F ST between populations averaged 0.014. Geographic patterns within this region were not detected. Regenerating these stands naturally has not implied a reduction in the genetic variation in the following generation. Allelic richness, genetic diversity and heterozygosity in adult stands and their natural regeneration is not significantly different. Inbreeding effects were not observed (F between -0.032 and 0.061). The results complete the knowledge on genetic variation of beech in Romania and give insides into the genetic diversity of beech seed stands. They can be helpful too for the delineation of provenance regions in the Romanian Carpathians.
Introduction
In Romania European beech (Fagus sylvatica L.) is the most important broadleaved tree species in terms of surface area and standing volume covering about 2.125 million ha (Anonymous 2016) . The forest area covered by beech is approximately constant over time (Milescu et al. 1967 , Stănescu 1979 . The knowledge about beech population genetics in Romania remains predominantly scanty, although some natural populations have been studied by isozymes within the framework of international studies (Comps et al. 1990 (Comps et al. , 2001 Gömöry et al. 1999 Gömöry et al. , 2003 Gömöry et al. , 2010 Longauer et al. 2001 Longauer et al. , 2004 Paule 1995 , Paule et al. 2001 , Petit et al. 2003 , Sulkowska et al. 2012 . Beside this, for selected Romanian beech provenances in nursery or field tests, the genetic structure was determined by isozyme analysis (Kim 1985 , Konnert & Ruetz 2001 , PCR-RFLP technique and chloroplast microsatellites (Popescu & Postolache 2009) or nuclear microsatellites (Liesebach 2012 , Liesebach et al. 2015 . Nuclear microsatellites were also used to study the genetic variation of beech in specific Carpathian regions and in regions from Romania defined as marginal for beech distribution (Ciocîrlan 2014, Ciocîrlan et al. 2017) . Genetic studies in stands distributed over the whole continuous distribution zone of beech in the Romanian Carpathians are still missing.
According to Pârnuță et al. (2005 Pârnuță et al. ( , 2010 ) the actual regions of provenance in Romania were delineated based on previous forest seed harvesting zones (Enescu et al. 1988) , ecological forest regions (Doniță et al. 1980 ) and the National Forest Map (Doniță et al. 1997 ). In the decision process results from progeny tests for the main forest tree species were also considered as well as forest site quality information. The defined regions of provenance were approved by Ministry Order No. 1028/2010 (Anonymous 2010) .
The Romanian Act of Forest Reproductive Material (Anonymous 2011) regulates the production, marketing and control of forest reproductive material (FRM), and implements the requirements of the European Council Directive 1999/105/EC. Following this law seed for forestry purposes has to be collected in seed units (stands and seed orchards) introduced into the National Catalogue of Basic Material for Production of FRM (Anonymous 2012) .
Until present seed stands in many European countries are selected mainly based on phenotypic criteria; genetic diversity is not considered at all, even if it is crucial for adaptation of future forests to changing environmental conditions (e.g. Konnert et al. 2015) . In Southern Germany for the approval of seed stands for Silver fir beside phenotypic criteria the genetic diversity is also considered. Stands with low genetic diversity are not selected for seed collection (Cremer et al. 2014) . For Douglas fir selection of seed stands in some regions in Germany the genetic composition and genetic diversity of the populations is crucial . Delineation of seed zones generally is done based on ecological criteria. Rarely genetic aspects are also considered (Gömöry et al. 1998) . Genetic analysis for beech seed stands refers at present only to the control of seed harvesting procedures (e.g. Janssen 2000) and assignment of seed to the mother tree within a traceability system (Hasenkamp et al. 2011) .
In the present study nuclear microsatellites were used to determine the genetic variability in natural beech populations, registered as seed stands. The focus was on genetic diversity within populations and genetic differences between populations. The transmission of the genetic diversity to the next generation was assessed by comparing the adult stand with the natural regeneration.
Materials and methods

Plant material
The ten investigated seed stands are located in ten different provenance regions situated in different ecological sectors with high amount of beech forests; more information on single stands is given in Table 1 . In each stand cambium from 25 to 51 adult trees was collected. In six selected stands (see Table 1 ) seedlings from 48 juveniles per stand were also sampled in 3 -4 regeneration gaps located near the sampled adult trees. Altogether 724 individuals were analyzed.
DNA isolation
For DNA isolation the modified ATMAP method (Dumolin et al. 1995) was applied. Before extraction, cambium was lyophilized for 20 hours in a freeze-dryer (Christ Alpha 1-2 LDplus ) at -55 °C and 0.021 mbar pressure. Buds (2 buds per tree) were lyophilized by storage on silica gel for one week. DNA concentration and purity were determined spectrophotometrically with the Gene Quant Pro, Amersham Bioscience followed by dilution of the DNA extracts to 20 ng/µl.
PCR amplification
For PCR amplification the Qiagen-multiplex-Kit was used. All samples were analyzed with ten highly polymorphic nuclear microsatellites (Table 2 ) combined into two PCR systems. PCR multiplex A comprised primers mfc11 (Tanaka et al. 1999 ), FS3-04, FS1-15 (Pastorelli et al. 2003 ) and csolfagus19, csolfagus31 (Lefévre et al. 2012) while PCR multiplex B included mfs11 (Vornam et al. 2004 ), mfc5, mfc7 (Tanaka et al. 1999) , sfc0036 (Asuka et al. 2004 ) and DE576A0 (Lefévre et al. 2012) . Primers were labeled with the fluorescent dyes Dy751 (black), IRD700 (green) and Cy5 (blue). PCR amplifications were conducted in a solution of in total 15 µl containing 1 µl stock DNA, 7.5 µl Qiagen Multiplex PCR Master Mix2x, 1.5 µl Primer Mix, 3 µl H 2 O RNase-free, 1 µl PVP 1% and 1 µl BSABovine Serum Albumin using a TProfessional Standard PCR Thermocycler Biometra, Germany. The following PCR protocol was applied: initial denaturation at 95 °C for 15 min, 28 cycles of 94 °C for 30 sec, 57 °C for 90 sec, 72 °C for 30 sec and a final elongation step at 60 °C for 30 min.
Fragments were separated on the CEQ8000 (Beckman Coulter) automated fragment analyzer. 1 µl of the multiplex PCR-amplifica- 
Data analysis
To estimate the null allele frequencies per locus and per population the software MicroChecker 2.2.3 (Van Oosterhout et al. 2004 ) was used. For further calculation null allele frequencies were adjusted according to Van Oosterhout et al. (2004) . This is necessary because the presence of null alleles can cause a bias in estimation of allele frequencies (Nascimento de Sousa et al. 2005) , inbreeding coefficient (Chybicki & Burczyk 2009 ), F ST and genetic distances (Chapuis & Estoup 2007) , parentage analysis (Dow & Aschley 1998 , Dakin & Avise 2004 , Oddou-Muratorio et al. 2009 ) and in Bayesian assignment testing (Falush et al. 2007 , Carlsson 2008 , Chapuis et al. 2008 ).
For population estimation of genetic diversity the following parameters were calculated using the program GenAlEx 6.502 (Peakall & Smouse 2012) : mean number of alleles per locus (N A ), mean number of private alleles within a population (N P ), the effective number of alleles (N E ) (Kimura & Crow 1964) , heterozygosity values (H O and H E ) (Nei et al. 1975 , Hamrick et al. 1992 , Hartl & Clark 1997 , the fixation index F and the inbreeding coefficient F IS (Hartl & Clark 1997) . Allelic richness (A) was calculated with the software FSTAT (Goudet 2002) based on a rarefaction method (Hurlbert 1971) to correct unequal sample size. It represents the mean number of alleles per locus (Leberg 2002) .
Genetic differentiation among populations was estimated by Nei's (1972) pairwise genetic distance calculated with GenAlEx 6.502 (Peakall & Smouse 2012) and by pairwise F ST (Weir & Cockerham 1984) calculated with ARLEQUIN (Excoffier & Lischer 2010) . The pairwise F ST values at the 0.05 significance level were tested by 10.000 permutations. Using POPTREEW (Takezaki et al. 2014 ) a cluster analysis was performed based on Nei's standard genetic distance (Nei 1972 ) and a dendrogram was produced with the unweighted pair group mean arithmetic method (UPGMA). For statistical significance of the cluster nodes, bootstrapping was applied with 10.000 replications.
Summary statistics for the 10 microsatellite loci Analysis of molecular variance (AMOVA) was performed in GenAlEx 6.502 (Peakall & Smouse 2012 ) using 9.999 random permutations to estimate the distribution of total variance at different variation levels. A Mantel test (1967) was performed in the same programe with 9.999 permutations to estimate whether a statistically significant correlation exist between Nei's and F ST genetic distance matrix and the geographic distance matrix.
In addition a Bayesian approach implemented in the software STRUCTURE 2.3.4 (Pritchard et al. 2000 , Falush et al. 2003 ) was used to detect the genetic differentiation of the ten beech populations. The admixture model and correlated allele frequencies were used with the following parameter set: 100.000 MCMC iterations after 100.000 burn-in periods. K was defined between 1-15, with 20 iterations for each K. Implementing ad hoc statistics ΔK (Evanno et al. 2005 ) the uppermost hierarchical level was precisely detected among runs K= 1-15. The best estimate of K (number of estimated clusters) was calculated with the web-based STRUCTURE HAR-VESTER program (Earl & von Holdt 2012) .
Results
Null alleles
Null allele tendency was observed mainly at the loci mfc11 and mfc5. For mfc11 eight out of ten populations show such alleles, with frequencies (r) varying from 0.060 (Feldru) to 0.206 (Brașov). At the locus mfc5 null alleles were observed in four populations, with the lowest frequency in Feldru (0.012) and the highest in Băile Govora (0.146). For the other loci null alleles were observed only in one population, as for example for mfs11 in Băile Govora (r = 0.109), for csolf19 in Bârzava (r = 0.099) and for DE576A0 and FS1-15 in Sovata (r = 0.099 resp. r = 0.059). The situation was similar in the natural regeneration, where null alleles occur mainly at the loci mfc11 (2 populations) and mfc5 (3 populations).
Genetic diversity
All ten analyzed microsatellite loci were polymorphic with 6 (locus FS3-04) to 29 alleles (locus mfc5) per locus and a total of 160. Considering all adult populations and the natural regeneration together the highest mean number of alleles (N A = 16.1) and the highest N E value (= 8.613) was detected for the primer mfc5. The observed heterozygosity (H O ) varied between 0.421 (mfc7) and 0.841 (FS1-15) with a mean value of 0.678(±0.014). H E has values between 0.406 (FS3-04) and 0.880 (mfc5) with a mean of 0.690(±0.014). The fixation index F was significantly different from zero only for the loci mfc11 and mfc5. Even after adjustment of null alleles the deficit in heterozygote individuals for both loci remained significant.
At the population level parameter values are given in Table 3 . In adult stands the mean number of alleles per locus (N A ) varied from 8.0 in Bârzava to 10.9 in Băile-Herculane, in the natural regeneration from 8.3 (Ciucea) to 9.6 (Sebes and Băile Herculane). In nine populations, between them adult stands and natural regeneration private alleles (N P ) were found. The effective number of alleles (N E ) varied in adult stands between 4.01 in Dragomirna and 5.43 in Băile Govora and for natural regeneration between 3.87 (Feldru) and 4.25 (Sovata). For adult stands the observed heterozygosity (H O ) values ranged from 0.637 in Bârzava to 0.750 in Băile Govora with the mean of 0.681(±0.018). In natural regeneration H O is lowest in Băile Herculane (0.651) and highest in Feldru (0.696). Between observed and expected heterozygosity (H E ) differences are low and statistically not significant. Subsequently the inbreeding coefficient F IS was generally close to zero, with a mean value of 0.014 (±0.010) in adult stands and 0.008 (±0.012) in natural regeneration.
Genetic differentiation
Genetic differences between adult stands
Between the adult stands genetic distance (Nei 1972 ) varied between 0.042 (Sovata to Dragomirna) and 0.088 (Feldru to Băile Herculane) (Table 4) Cluster analysis based on Nei's distance indicates a division in four distinct groups. This is visualized by the dendrogram in Figure 1a . The first group consists of four populations (Feldru, Sovata, Dragomirna and Ciucea) from Northern Romania. Another group contains two populations from the Central-West region (Sebeș and Bârzava), both populations situated along the Mureș river. The third group includes the populations from Fântânele and Brașov located in the Central-East region. The two southern populations Băile-Herculane and Băile Govora, clearly differentiated from the rest but cluster together at a higher genetic differentiation level.
Bayesian approach based on the allelic frequency of all nSSR markers (STRUCTURE analysis) didn't confirm the presence of four groups, detected earlier by cluster analysis. In this analysis the most likely number of clusters was three, K = 3 (Figure 2a) . Admixture of clusters indicates a week differentiation among the studied stands (Figure 3b ). The two southern populations (Băile-Herculane and Băile Govora) contain in the highest percent the blue group and the red group, respectively, while in populations Bârzava and Sebeș the green group has the largest percentage. The rest of the populations show a mixture of these three clusters (Figure 3) .
The Mantel test denoted a positive and statistically highly significant correlation between the geographic distance and Nei's genetic distance (r = 0.553, P = 0.0002) as well as between geographic distance and F ST (r = 0.579, P = 0.0001). This indicates that there is some differentiation by distance probably due to the natural barriers of the Transylvanian Plateau and the high peaks of the Carpathians.
Molecular Variance Analysis (AMOVA) inSummary statistics for the 10 microsatellite loci (Table 5 ).
Genetic differences between adult stands and regeneration
Genetic distance (Nei 1972 ) between the adult UPGMA dendrogram based on Nei's genetic distance with 10000 bootstraps: a) among 10 adult beech stands b) among 6 adult stands and their natural regeneration (A -adult; s -seedling)
Figure 2
Results of STRUCUTURE analysis a) values for delta K b) membership proportion of the individuals to the three clusters Nei's genetic distance matrix for the studied populations Table 4 Note. Abbreviation: in orange -adult stands distance matrix, in yellow -the highest and smallest genetic distance value between adult stands, in gray -the genetic distance values between adults and their natural regeneration; In general cluster analysis based on Nei's distance indicates that adult population and natural regeneration from the same population group together (Figure 1b) with the exception of the populations Feldru and Băile Herculane. Natural regeneration from Feldru groups completely apart, while natural regeneration from Băile-Herculane groups together with the other populations.
Similar results were obtained by the PCoA analysis. Here the first two principal coordinates explain almost half percent of the total genetic variance and confirm the small genetic distance between adults and natural regeneration ( Figure 5 ).
Discussion
Our investigations revealed high genetic variation within and low genetic differentiation between the analyzed beech populations. This general genetic pattern was similar for European beech in almost all European regions as demonstrated mainly by isozyme studies (see Comps et al. 1990 , Gömöry et al. 1992 , Hazler et al. 1997 , Konnert 1995 , Leonardi & Menozzi 1995 , Merzeau et al. 1994 ). For nSSR markers only few studies on genetic variability of beech populations exist (see Vornam et al. 2004 , Buiteveld et al. 2007 , Ciocîr-lan 2014 , Ciocîrlan et al. 2017 , Lander et al. 2011 , Liesebach et al. 2015 , Kempf & Konnert 2016 . Szasz-Len (2016) conducted a PCoA and STRUCTURE analysis with the presented 10 populations from Romania and 16 European beech populations from Germany and Bulgaria. In this study beech stands from Romania group together with stands from Bulgaria and are clearly differentiated from German stands. This leads to the conclusion that Bulgarian and Romanian beech population share a common gene pool which is clearly different from the gene pool of stands in Germany. Based on this result for beech the existence of two main genetic groups, one from South-Eastern Europe and another from Central Europe is assumed.
These results are conflictive to the findings of Magri et al. (2006) , who postulated the complete isolation of Balkan beech populations from the Romanian ones and support the assumption of Gömöry et al. (2003) that Carpathian and Balkan beech populations have a common post-glacial origin. The same authors assumed a glacial refugium in the Southern Carpathians or adjacent regions. Although pollen data analysis certified the diffuse presence of Fagus already from the beginning of the Holocene in the Romanian Carpathians (c. 8500-7500 years ago) (Feurdean 2005 , Tanţău et al. 2006 , 2011 there is no clear evidence that beech populations had survived and expanded from a Carpathian refugium.
In general the genetic diversity and hetero- Results of hierarchical molecular variance analysis (AMOVA) for F. sylvatica adult stands Table 5 Note. Abbreviations: Df -degree of freedom; SS -sum of squares; MS -mean sum of squares; P -probability. zygosity of the investigated populations was related to populations of Fagus sylvatica from Central Europe (Vornam et al. 2004 , Dounavi et al. 2016 , Kempf & Konnert 2016 , even if partially different markers were used and a direct comparison of results is difficult. Thus for example for 13 beech populations in the marginal and core areas of beech distribution in Romania Ciocîrlan (2014) based on eight nuclear microsatellites calculated a mean observed heterozygosity of 0.651, whereas the overall expected heterozygosity was 0.703. Liesebach et al. (2015) , using 14 nSSR primers, reported slightly higher heterozygosity values with H O = 0.656 and H E = 0.729 for the provenance Beiuș (Bihor) included in an international field trial.
In the ten investigated populations values for observed and expected heterozygosities were nearly similar. In conclusion F IS values are nearby zero and populations can be considered to be in Hardy-Weinberg equilibrium (Hartl & Clark 1997) . This holds also for natural regeneration, where inbreeding effects can be excluded. The F IS value were lower compared to other populations from Central Europe (F IS = 0.224, Buiteveld et al. 2007) er frequencies appear, the F IS values increase (Buiteveld et al. 2007 , Rajendra et al. 2014 ). In our study for loci mfc5 and mfc11 significant amounts of null alleles were observed. Subsequentelly the F IS -values for these loci differ significantly from zero. The reason could be that the affected primers originally were designed for Fagus crenata (Tanaka et al. 1999) and then applied for Fagus sylvatica. Transferring primers to a closely related species frequently displays null alleles (Oddou-Muratorio et al. 2009 ).
The analyzed stands are declared as seed stands according to the Romanian Act of Forest Reproductive Material (Anonymous 3 2011) and are introduced into the National Catalogue of Basic Material for Production of FRM (Anonymous 4 2012) . In such stands seed harvesting for artificial regeneration of stands is allowed. Especially under climate change planting material must be genetically diverse to assure that the new population can adapt and survive under changing conditions. This means that seed material with high genetic diversity is needed. The most important factors which influence the genetic composition and diversity of seed populations are the seed stand and the harvesting procedures (Hosius et al. 2006 , Konnert 2010 . The genetic composition of the seed stand is very important for the genetic composition of the seed. During generative propagation the gene pool of the adult tree population is transmitted in great part to the seed generation. Comparison with the other European regions shows that in the investigated stands from the Romanian Carpathians genetic diversity is not lower than in other European regions and somewhat higher than in marginal populations from Romania. At the same time all stands show nearly similar values. In conclusion from a genetic point of view the registration as seed stands can be supported. Collection of seed has to be done over the whole stand area. Studies for beech demonstrated that this procedure increases the genetic diversity in seed populations (Janssen 2000 , Ziehe et al. 2004 .
Most of the genetic diversity was determined within the stands. Differentiation between stands was very low (1.4 %). For beech populations from Poland Kempf & Konnert (2016) reported a significant differentiation of 5 % between stands and a significant geographic division between populations from Northern and Southern Poland. In the present study a clear geographic grouping was not observed. Most pronounced is the differentiation of the two southernmost populations Băile Herculane and Băile Govora. In general a homogenous beech gene pool within the Carpathian region can be assumed. Based on the neutral SSR markers analyzed a distinct geographical distribution of genetic diversity within Romanian Carpathians regions of provenance could not be detected. These results would allow the conclusion that larger provenance regions could be delineated for beech in the Carpathian regions. We do not know whether adaptive traits or putative adaptive markers such as isozymes show a lower spatial differentiation for beech in the analyzed region. However in an isozyme gene marker study on beech from the Czech Republic no small-scaled genetic differentiation was detected at all (Gömöry et al. 1998) . It seems that for beech the genetically homogeneous regions are large (Cuguen et al. 1985 , Müller-Starck & Starke 1993 , Gömöry et al. 1998 ) and the delineation of larger provenance regions would therefore be justified.
Natural regeneration has a great potential for retaining the gene pool over generations. In seed stands comparison of genetic diversity between generations is important as an indicator for gene flow and for the transmission of genetic information to the next generation. An undisturbed gene flow is very important for maintaining genetic diversity in the seed generation (Burczyk et al. 2004) . Comparison of the investigated adult stands with their natural regeneration shows only slight and statistically not significant differences in allelic richness, genetic diversity and heterozygosity with no clear tendency for all stands. Thus we can conclude that regenerating these stands naturally has not implied a reduction in the genetic variation in the following generation. Genetic studies on this topic are rare in Central Europe and were carried out mainly in Germany (Starke 1996 , Behm & Konnert 1999 , Tröber & Brandes 2004 , Ißleib & Krabel 2005 . All studies were based on isozymes and show only relatively small differences in genetic diversity between adults and their natural regeneration. No reduction in genetic variation of the natural regeneration is observed as long as stands are large enough and the number of trees participating in reproduction is high. The transmission of genetic variation to the next generation is strongly influenced by the stand management. To maintain the genetic diversity over generations it is important that the tree cutting intensity is low and trees are removed from different parts of the stand (Behm & Konnert 1999 , Konnert 2010 ). Therefore we recommend for beech seed stands in Romania a slow regeneration in small patches as given in the shelterwood silvicultural system. Studies in Italy, Austria and Germany show clearly that this management system allows an unrestricted gene flow and the preservation of genetic diversity over time (Hosius et al. 2006 , Buiteveld et al. 2007 , Konnert & Hosius 2010 , Rajendra et al. 2014 , Kavaliauskas et al. 2018 . Clear cuttings or even intensive cuttings with strong reduction of the effective population size can cause the loss of rare alleles over time and a reduction of genetic variability as demonstrated for example by Paffetti et al. (2012) , who compared an old-growth unmanaged beech stand and a naturally regenerated beech stand after intensive harvesting.
In conclusion the present study improves the existing knowledge on the genetic pattern of beech in Romania and gives indication on the genetic quality, in terms of genetic diversity and adaptation to the local conditions and management procedure for selected seed stands.
